ABSTRACT
INTRODUCTION
Extensive proteolytic degradation of recombinant proteins produced in the insect cell line BTI-TN-5B1-4 (High Five ™ cells; Invitrogen, Groningen, Holland) using the baculovirus expression system is a problem associated with most recombinant proteins (4) . The high yield of protein produced in High Five cells was hampered because 20%-50% of the protein was degraded in spite of using cocktails of protease inhibitors (Complete ™; Roche Molecular Biochemicals, Hvidovre, Denmark). We therefore wanted to examine the possibility of increasing the fraction of full-length recombinant protein produced in High Five cells by adding specific protease inhibitors to the growth medium and to the lysis buffer. In addition, we have observed that a ladder of proteins with higher molecular weight than the human tryptophanyl-tRNA synthetase (hWRS) recombinant protein expressed in High Five cells appeared in immunoblot analyses, indicating the existence of recombinant (11) , and baculovirus encode a viral ubiquitin (6), which is not essential for viral replication (12) . Two different recombinant baculoviruses were used infecting both High Five and Sf9 cells to monitor differences between proteins and between cell lines. The recombinant non-secreted proteins tested were p46, a splice variant of the human enzyme 2 ′ ,5 ′ oligoadenylate synthetase (OAS1) (1), and hWRS (3) . The aim of the present study has been to find a general method to avoid extensive degradation of nonsecreted recombinant proteins expressed in High Five cells.
MATERIALS AND METHODS
Recombinant Autographica californicabaculoviruses were constructed using the BaculoGold ™ transfection method (BD Biosciences, Brøndby, Denmark). The hWRS cDNA was cloned in the Eco RI/ Sma I sites in pVL1392 and the p46 cDNA in the Eco RI site in pVL1393. Recombinant baculoviruses were plaque-purified twice and amplified using Sf9 cells grown in BaculoGold protein-free insect medium supplemented with 5% fetal calf serum (Life Technologies, Roskilde, Denmark) and 100 IU/mL penicillin and 100 µ g/mL streptomycin (Life Technologies). High Five cells were grown in the same medium without serum. Both Sf9 and High Five cells were maintained as suspension cultures in rollerflasks (Corning, Biotech Line, Lynge, Denmark) circulating at 12 rpm to prevent cell attachment.
Sf9 or High Five cells were seeded at 1.2 × 10 6 cells/well in a six-well dish (Nalge Nunc International, Roskilde, Denmark) and left to attach (9) . The cells were infected with 150 µ L recombinant virus of a high titer (5 ×10 8 to 5 ×10 9 pfu/mL) for 1 h. Medium was changed, and the cells were grown for 72 h, lysed in 1% Nonidet ® P40 in buffer E [20 mM Tris-HCl, pH 7.5, 10 mM KOAc, 10 mM Mg(OAc) 2 DMSO was added as control. Position of fulllength recombinant p46 is marked with an arrow, and the degradation product is marked with an arrowhead. Pre-stained low molecular weight markers from Sigma were used.
tease inhibitors (Table 1) were added to the medium at different time points or added to the lysis buffer. The cell extracts were cleared by centrifugation, and 10-µ g aliquots were applied to 10% SDS-PAGE, followed by electroblot to a PolyVinylidene DiFluoride membrane (Millipore, Glostrup, Denmark). Immunoblot analyses were carried out using specific primary antibodies, a peptide antibody recognizing p46 (2), and a polyclonal antibody raised against purified hWRS protein (3). Horseradish peroxidase (HRP)-conjugated swine anti-rabbit IgG (Sigma, Vallensbaek Strand, Denmark) was used as secondary antibody, and the enhanced chemiluminescence (ECL ® ) method from Amersham Pharmacia Biotech (Hørsholm, Denmark) was used for visualization of the antigen/antibody reaction. Quantification of the degraded proteins compared to the amount of full-length protein was done by scanning X-ray films and using the Quantity One ™ program (Bio-Rad Laboratories, Herlev, Denmark).
RESULTS AND DISCUSSION
We started this series of experiments by adding Z-Leu-Leu-Leu-CHO (LLL, also known as MG132) or N-AcetylLeu-Leu-Met-CHO (ALL) at various concentrations to the growth medium. LLL is a specific inhibitor of proteasome activity in eukaryotic cells (10) and was used elegantly to show that phosphorylated STAT-1 is degraded by the proteasome (8) . In contrast, ALL is a potent inhibitor of cathepsins and calpains but not of proteasomes. All experiments were carried out using High Five and Sf9 cells in parallel.
When High Five or Sf9 cells were infected with p46 or hWRS baculovirus (Figure 1 ), the amount of recombinant protein produced was highly decreased when the growth medium included 25 µ M LLL because all lanes contained the same amount of total protein. Comparing p46 produced in High Five cells to the production in Sf9 cells, it can be seen that the degradation pattern is the same, but 50 mM can be added to the medium of the Sf9 cells before the production of p46 is decreased. The same result was obtained with hWRS production in Sf9 cells (data not shown). In conclusion, addition of LLL to the growth medium leads to substantially reduced production of intact recombinant proteins both for p46 and hWRS in both Sf9 and High Five cells.
A different picture was seen when ALL was added to the medium. The yield of full-length recombinant proteins was diminished approximately 30% after adding 125 µ M ALL to High Five cells (Figure 2 ). However, it is evident that the addition of ALL inhibits most of the proteolytic degradation of both hWRS and p46. This is in contrast to the production of p46 in Sf9 cells, where no effect was observed with ALL.
In the search for specific protease inhibitors, we added the following to the growth medium of baculovirus infected High Five cells: 50 µ M Chloroquine leading to a pH increase within the cell; 5 µ M clasto -Lactocystin β -lactone (Lactocystin), a specific proteasome inhibitor; and 0.1 mg/mL tosyl-phenylalanin chloromethyl keton (TPCK) inhibiting several serine and cysteine proteases. Addition of Chloroquine had no effect on the proteolytic degradation, whereas addition of both Lactocystin and TPCK dramatically decreased protein production (data not shown). Furthermore, no effect could be detected by the addition of 1 mM Pefabloc SC or 10 µ M Pepstatin to the lysis buffer. However, based on these experiments, we cannot exclude the possibility that High Five cells secrete Pepstatin-sensitive proteases to the serum-free medium, as has been described for Sf21 cells (5) .
We also examined two protease inhibitor cocktails from Sigma, P8340 and P8849 (1 µ L/mL) in the lysis buffer. These two cocktails differ by their contents of protease inhibitors; thus, P8340 is made for mammalian cell extracts, whereas P8849 is made for recombinant proteins expressed with histidine tags in E. coli or Spodoptora frugiperda -derived insect cells (Sf9 or Sf21). At the same time TPCK at 0.1 mg/mL in the lysis buffer was tested. For p46 expressed in High Five cells, both Sigma cocktails and TPCK added to the lysis buffer resulted in a partial inhibition of proteolytic degradation (Figure 3 ). It can be seen that the Sigma P8849 cocktail made for expression of recombinant proteins is the best with approximately 10% degradation of the recombinant protein.
In a final attempt to inhibit the proteolytic activity in High Five cells, we tested a combination of adding protease inhibitors to the medium and to the lysis buffer. We decided to use E-64, a cysteine protease inhibitor that has been shown to be efficient for proteins expressed in Sf21 cells both by addition to the medium and to the lysis buffer. Hom and Volkman (7) have demonstrated that a specific protease encoded by the baculovirus AcMNPV used for construction of recombinant viruses could be inhibited by the addition of E-64. These authors reported that E-64 could be substituted with Leupeptin, an inhibitor of serine and cysteine proteases. The result of adding ALL or E-64 to the growth medium in combination with addition of Leupeptin to the lysis buffer is shown for hWRS produced in High Five cells and p46 produced in Sf9 and High Five cells (Figure 4 ). It can be seen for hWRS expressed in High Five cells that adding Leupeptin to the lysis buffer or adding E-64 to the medium give similar effects because a Leupeptin-sensitive degradation product disappears (compare lanes 1, 3, 4 , and 5 to lanes 2 and 6 from Figure 4) . However, substantial residual degradation of hWRS is still present, leading to the conclusion that recombinant hWRS is susceptible to proteasome degradation, which cannot be inhibited by conventional protease inhibitors.
S h o r t Technical Re p o r ts
For p46 in High Five cells, the best proteolytic inhibition is obtained after adding either ALL to the medium or E-64 in the medium together with Leupeptin in the lysis buffer. However, addition of ALL to the growth medium clearly decreases the amount of intact protein produced by approximately 30%. Addition of Leupeptin to the lysis buffer prohibits the residual proteolytic activity observed after addition of E-64 to the growth medium. This result is in contrast to p46 expressed in Sf9 cells, where ALL in the medium does not have any effect, while Leupeptin in the lysis buffer or E-64 in the medium prohibit most proteolytic degradation (compare lanes 6 and 10 with lane 7 from Figure 4) . These results obtained with proteins expressed in Sf9 cells are in agreement with previously published data using Sf21 cells (7) .
We have demonstrated that adding protease inhibitor cocktails to the lysis buffer after expressing non-secreted recombinant proteins in High Five cells is not adequate to avoid extensive proteolytic degradation of the recombinant protein. Furthermore, we have shown that the proteolytic activities in High Five and Sf9 cell lines are different. For expression in High Five cells, a combination of adding specific protease inhibitors to the medium and to the lysis buffer is necessary. In conclusion, we suggest adding 20 µ g/mL E-64 to the growth medium 24 h after infection together with 100 µ M Leupeptin in the lysis buffer to avoid extensive degradation of non-secreted recombinant proteins. For recombinant proteins susceptible to proteasome degradation identified by ubiquitinylated forms in immunoblots, one might consider using a baculovirus without the viral ubiquitin gene (12) because the addition of proteasome inhibitors dramatically reduces recombinant protein expression controlled by the polyhedrin promoter. How the P10 or other baculovirus promoters respond to the addition of LLL has not been investigated. It is evident that each recombinant protein expressed in High Five cells should be treated individually to avoid extensive proteolytic degradation.
